Carotid intima-media thickness (CIMT) is a marker of subclinical organ damage and predicts cardiovascular disease (CVD) events in the general population. It has also been associated with vascular risk in people with diabetes. However, the association of CIMT change in repeated examinations with subsequent CVD events is uncertain, and its use as a surrogate end point in clinical trials is controversial. We aimed at determining the relation of CIMT change to CVD events in people with diabetes.
Diabetes is an important risk factor for atherosclerosis and its complications, including myocardial infarction (MI), stroke, and vascular death. Compared with subjects without diabetes, diabetes patients have a twofold higher risk of cardiovascular disease (CVD) events (1) and cardiovascular death (1, 2) ; in some cohorts, it is even higher (up to sixfold) and comparable to the event risk in established coronary heart disease (3).
Carotid intima-media thickness (CIMT) is an ultrasound biomarker of atherosclerosis, considered as a marker of subclinical organ damage. People with diabetes exhibit a greater CIMT, as compared with those without diabetes (4-6); on average, common CIMT was found to be 0.13 mm greater in subjects with diabetes (6) . People with impaired glucose tolerance but without diabetes also show a higher CIMT, although to a lesser extent (4, 6) ; CIMT seems to increase from people without diabetes to those with impaired glucose tolerance, newly diagnosed diabetes, and established diabetes (4) . This increase appears to be steeper for internal than for common carotid artery intima-media thickness (CCA-IMT) (4) .
When measured once (at baseline), CIMT is predictive of future CVD events in the general population (7) , even when adjusted for a wide range of established CVD risk factors. Recently, a meta-analysis has suggested that a "one-off" measurement of CIMT is also predictive of subsequent nonfatal vascular events in people with diabetes (8) , but the association of CIMT progression with event risk was not evaluated.
In clinical trials (including trials of oral antidiabetic medications [9] [10] [11] [12] [13] ), CIMT has been frequently used as a secondary outcome. In this context, usually the absolute or annual progression of CIMT, derived from at least two ultrasound scans over 1 or more years, is used (9-13) rather than CIMT measured on a single occasion. However, whether the observed change in CIMT reflects a true change in risk of future CVD events is currently a matter of debate. Two publication-based meta-analyses assessed the surrogacy of CIMT progression for CVD event risk (14, 15) . Their results showed weak relations and were partially conflicting. In addition, several methodological issues were raised questioning the validity of these findings (16) .
A necessary first step is to clarify the association between CIMT progression and CVD event risk. Recently, a large individual participant data-based metaanalysis (as part of the PROG-IMT collaboration) collated 70% of the identified worldwide population data on CIMT progression and CVD event risk. Surprisingly, no association between CIMT progression and CVD events risk was found, although there was a consistent association between "baseline" CIMT and CVD event risk (17) . One hypothesis to explain these results is that in the general population, changes in the vessel wall over time are too small to be captured with ultrasound CIMT scans, even when measurements are performed several years apart. It is therefore plausible to assume that in cohorts of subjects with higher rates of CIMT progression, which also have high CVD event rates (such as those with diabetes), CIMT progression may have a greater impact on risk prediction. The aims of the current study, as part of the PROG-IMT collaboration, were therefore to assess the rate of CIMT progression in people with diabetes compared with the general population, to replicate associations between a single CIMT measure and subsequent CVD events (including fatal end points), and to determine the association between CIMT progression and CVD events in people at high vascular risk due to the presence of diabetes.
RESEARCH DESIGN AND METHODS

Study Identification and Data Management
PubMed was comprehensively searched for publications on observational studies with the following inclusion criteria: 1) prospective longitudinal study design; 2) investigation of subjects with diabetes, or of the general population; 3) well-defined and disclosed inclusion criteria and recruitment strategy; 4) at least two ultrasound visits where carotid IMT was determined; and 5) a clinical follow-up after the second ultrasound visit, recording MI, stroke, vascular death, or total mortality. Furthermore, we searched the reference lists of all identified papers (including reviews) manually for additional eligible publications. We included publications up to 18 July 2014. When a potentially eligible study was identified, we sent a screening questionnaire to the study team in order to assess the inclusion criteria. If a study fulfilled all inclusion criteria, the study team was invited to join the PROG-IMT collaboration and share a dataset of predefined variables. The datasets underwent central plausibility checks and were harmonized in order to create uniform variable names and coding.
Statistical Analyses
Only patients with diabetes who were free of MI and stroke up to the second CIMT scan were included into the analyses. The diabetes definitions from the individual studies were adopted; an overview can be found in Supplementary Table 1. The Cardiovascular Health Study (CHS) was divided into Caucasian (CHS1) and African American (CHS2) cohorts, as these had different follow-up times for ultrasound and for clinical end points.
The analysis of CIMT values was restricted to subjects with at least two CIMT values. Mean CCA-IMT was calculated as the average of all available values of the subject's mean CCA-IMT (left and right, near and far wall, and all insonation angles) for each ultrasound visit. From the resulting CCA-IMT values, we derived the average of the first and second ultrasound visits (average CCA-IMT) and the annual change between the first and second ultrasound visits (i.e., [IMT 2 2 IMT 1 ]/[time, years], "annual progression of CCA-IMT"). The principal analysis relied on mean CCA-IMT; for sensitivity analyses, maximal CCA-IMT was also used.
For each cohort with at least 20 end point events, separate Cox regression models were fitted. Cohorts with ,20 end point events were analyzed together in one Cox regression model, stratified by cohort. The resulting log hazard ratios (HRs) of the end point per SD of average CIMT or annual CIMT progression were combined across all cohorts using random-effects meta-analysis (18) . Heterogeneity was assessed using I 2 statistics (19) .
For the primary analysis, we used a combined end point (MI or any stroke or vascular death) for clinical events after the second ultrasound scan. In cohorts where the end point "vascular death" was not recorded, "total mortality" was used instead. For sensitivity analyses, the end point "total mortality" was analyzed 
RESULTS
During the literature search, 2,278 publications were screened ( Supplementary Fig.  1 ). Of 33 eligible population-based cohorts, 20 were included. The only cohort that appeared as a "diabetes cohort" in the screening process was in fact based on a population sample as well and represented people with and without type 2 diabetes; it was also included (20) . One other study dedicated to people with diabetes was not eligible, as no end point events were observed in the group of subjects with diabetes and with two ultrasound scans (21) . The mean age at baseline of all included patients with diabetes was 60.4 years (range 33-92). Table 1 gives an overview of the included cohorts, which comprise a total of 3,902 people with diabetes, among whom 935 CVD events have been recorded during follow-up after the second ultrasound scan. The ultrasound protocols were heterogeneous in some respects; details are displayed in Supplementary Table 3 . The mean interval between the two CIMT measurements on which progression was based was 3.59 years (range 2-7, SD 1.32).
The CIMT and CIMT progression values are shown in Table 2 (mean CCA-IMT) and Table 3 (maximal CCA-IMT), which compare progression in people with and without diabetes. Subjects with diabetes had on average 0.041 mm higher (95% CI 0.036-0.045, adjusted for age and sex) mean CCA-IMT than subjects without diabetes. For maximal CCA-IMT, the difference was 0.046 mm (95% CI 0.041-0.051). Average annual mean CCA-IMT progression in people with diabetes ranged from 20.09 to 0.04 mm/year across studies and did not differ substantially between subjects with and without diabetes. Figure 1 shows Forest plots of the HR of the combined end point per SD of average mean CCA-IMT, which is the average of the first and second CIMT measurements. These HRs are clearly and significantly greater than 1: in model A, we found an HR of 1.30 (95% CI 1.22-1.38), and in model B (which adjusts for cardiometabolic risk factors), the HR was 1.22 (1.12-1.33). The I 2 statistics indicate no heterogeneity. results were obtained for CCA-IMT progression when no adjustment was made for the average of the two CCA-IMT measurements.
In comparison, we assessed the HRs per SD of average mean CCA-IMT for people without diabetes in the same population cohorts. Here, the HRs were slightly smaller than in people with diabetes ( Supplementary Fig. 2 ), but the differences were not statistically significant (tests of interaction P . 0.2).
Comprehensive sensitivity analyses were performed, including analysis of maximal CCA-IMT (Supplementary Fig.  3 ) and assessment of the clinical end point "total mortality" ( Supplementary  Fig. 4 ). Both of these showed a robust association between average CIMT and risk, but not between CIMT progression and clinical end points. We also looked for sex and ethnic differences in the associations ( Supplementary Figs. 5 and  6 ). The HR for average CIMT for women was greater than that for men, adjusting only for age, but this difference was no longer convincing after adjusting for cardiometabolic risk factors. There were no other clear differences according to sex or ethnic group.
CONCLUSIONS
Diabetes is an important risk condition for atherosclerosis and its complications. In July 2014, more than 11,000 clinical trials in diabetes were registered at clinicaltrials.gov. The best standard to evaluate the efficacy of a new antidiabetic drug or of dietary, lifestyle, or other interventions is to observe clinical events, including MI, stroke, and death. The existence of a subclinical marker to evaluate change in risk is highly desirable in the development of new therapies, as such surrogate end points in trials often yield results years before sufficient numbers of true clinical events occur. This may save both costs and lives, speeding up the progress of drug development.
CIMT is a measurement of subclinical organ damage, a marker located halfway between risk factors and "hard" clinical end point events such as MI and stroke. Given its good predictive value, CIMT is an excellent candidate for such a surrogate marker. If CIMT were a valid surrogate of vascular events, one would expect both singletime CIMT and CIMT change to be independent predictors of future clinical events. However, recent findings suggest no association between CIMT progression and CVD event risk in the general population, despite a consistent association between "baseline" CIMT and CVD event risk (17) . Given our hypothesis that such an association may be more evident in "high-risk" populations, i.e., people with diabetes, we first set out to assess differences in CCA-IMT and CCA-IMT progression in subpopulations with and without diabetes before investigating the association of these measures with incident vascular events. We found a systematically higher mean CCA-IMT in people with diabetes, as compared with those without, with an average age-and sex-adjusted difference of 0.04 mm. For maximal CCA-IMT, the difference was 0.05 mm. In a meta-analysis from Brohall et al. (6) , an average difference of 0.13 mm (95% CI 0.12-0.14) was found between people with diabetes and control subjects, although this meta-analysis relied on published estimates, and therefore intermingled mean and maximal CCA-IMT. The difference may also be explained by the fact that Brohall et al. (6) included both population cohorts and case-control studies, where in the latter long-standing diabetes may predominate, whereas we used only general population cohorts where diabetes may have been newly diagnosed. The average annual progression of mean and maximal CCA-IMT in subjects with and without diabetes was very low. In contrast with CCA-IMT, we found that rates of CCA-IMT progression did not differ substantially between subjects with and without diabetes. The current analyses in subjects with diabetes showed a robust and substantial association between average CIMT and the risk of the combined end point MI, stroke, or vascular death, which persisted after adjustment for all major cardiovascular risk factors. The HR per SD of mean CCA-IMT that we found was identical to the corresponding estimate in the USE-IMT study on diabetes (8), which is not surprising, as the cohorts included have considerable overlap. In our data, the HR in people with diabetes was a little higher than in people without diabetes (1.22 vs. 1.15), although this difference was not statistically significant.
There were some differences in the methods between the cohorts, including the ultrasound protocols and the diabetes and end point definitions (see Supplementary Tables 1-3 ). As we found no noteworthy heterogeneity (I 2 = 0%) between the particular cohorts in this analysis, we do not rate these minor differences influential on the main effects. The association of CIMT and risk was virtually identical for maximal CCA-IMT and the combined end point, and a little smaller, but nevertheless robust, for the end point "total mortality."
A statistically significant association between CIMT progression and event risk was found neither for mean nor for maximal CCA-IMT, nor when either the combined end point or total mortality was analyzed. Thus, although the association between (single-time) carotid IMT and the risk of vascular events has been shown many times, in subjects with diabetes (8) as well as in general population samples (7) and in all agegroups (22), in both the present analysis of people with diabetes and the recent analysis of the general population (17) , an association between CIMT progression and CVD risk remained unproven. One possible explanation for this apparent discrepancy may be that single-time CIMT reflects a history of decades of exposure to risk factors, whereas CIMT progression relates to a time frame of only a few years. Another hypothesis is that a true association between CIMT change and risk is diluted by measurement error, despite the fact that all included studies made efforts to increase reproducibility using different techniques (Supplementary Table 3 ). This hypothesis is supported by the large SD around the mean CIMT progression that we observed here and in the general population (17) , and would argue for attempting to find an effect in randomized trials, where the specific ultrasound protocols used may measure CIMT progression more precisely.
In our analyses, only the common carotid CIMT was reported, and differences may have been seen with more extensive evaluation, i.e., of the IMT in the internal carotid artery or the carotid bifurcation. We refrained from these additional analyses a priori to avoid multiple testing issues. In our statistical analyses, we appropriately adjusted CIMT progression for the average of the first and second CIMT values, rather than the first CIMT alone, to avoid biases due to regression to the mean (23, 24) .
In our investigation, we assembled almost 1,000 CVD event end points by collating individual data from 21 cohort studies, being a large proportion of the globally available data on CIMT progression and CVD events in diabetes. Although this is a large number of CVD events, it is possible that an even larger dataset is required to demonstrate a relationship of CIMT progression with CVD events.
Summary
In a large individual participant data meta-analysis, we pooled a large proportion of the global data to determine the association between CIMT progression and vascular risk in people with diabetes. We reproduced and substantiated the association between single-time CIMT level and event risk in people with diabetes. Despite this, we did not find an association between CIMT progression over a mean time of 3.6 years and future event risk. As such, our results do not support the use of CIMT as a surrogate end point in clinical trials in people with diabetes. However, the lack of association between CIMT progression and clinical events may at least partially be explained by considerations of statistical power and measurement error, and further definitive analysis may require even larger studies. To more fully answer the question of whether CIMT is a valid surrogate end point, it will also be informative to determine whether, in randomized trials, an intervention acts on CIMT progression in the same way as it acts on vascular risk. Such an analysis is planned in the framework of the PROG-IMT collaboration (a full list of members can be found in the Supplementary Data online).
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